U
pper cervical fixation is an important treatment approach for many pediatric neurosurgical conditions, which include os odontoideum, congenital ligamentous incompetence, osteoligamentous trauma, and tumor reconstruction. 1, 3 Recent advances in rigid fixation technology have enhanced the ability to achieve posterior cervical fusions with a variety of stabilization techniques in pediatric patients. 9, [11] [12] [13] 17, 18 Nevertheless, despite the significant advancement of rigid fixation techniques during the past decade, the use of autologous bone remains the gold standard for achieving the best chances for fusion. Although the iliac crest and rib are currently the primary choices for autograft, donor site morbidity from these areas can be considerable. 22, 25 As an alternative graft strategy, we have been routinely using autologous paramedian occipital bone grafts to augment posterior cervical fixation with a technique that is compatible with modern screw/rod and plating instrumentation. Here, we describe our initial experiences in a pediatric population.
Methods
The patient is positioned prone with his or her head affixed with pins to a headholder device. The upper cervical incision is extended to the external occipital protuberance in the midline. A standard suboccipital subperiosteal dissection is performed bilaterally. Screws are inserted at the appropriate upper and midcervical levels, extending to the occiput with a plate if necessary ( Fig. 1.1 ). Systems used include the Axon (Synthes) and the Mountaineer (DePuy Spine). Following instrumentation, 2-3 bur holes are created over the paramedian occipital bone inferior to the superior nuchal line, taking care to harvest all morcellized cortical and cancellous bone ( Fig. 1.2) . Then, the craniotome is used to turn small (1.5 × 3-cm) uni-or bilateral craniotomies as necessary ( Fig. 1.3 ). The craniectomy is not extended too wide, because younger patients (up to the age of 4 years) may have unfused innominate synchondroses. A minimum of 1 cm of bone in the midline keel is left for possible future occipital plate fixation, or avoided if a plate is already in place. The harvested bone is either morcellized or used as strut grafts between C-1 and C-2 in the midline. Unlike in other techniques, we do not place sublaminar wires. The rods are secured in compression, the bone is decorticated, and the struts are firmly secured. Additional graft may be packed between the decorticated laminae or along the lateral gutters if a laminectomy has been performed. In cases in which morcellized graft is used, demineralized bone matrix strips (Osteotech) are then placed dorsally over the autograft to augment the fusion and sequester the autograft. In the first few patients, additional strips were used to fill in the craniectomy defects; however, at present, only residual bone chips are used. The patient is placed in either a hard collar or Halo vest postoperatively.
Results
Over a 4-year period, 12 patients underwent occipital bone graft harvest performed by a single surgeon (P.B.S.) for fusion augmentation with posterior cervical or occipitocervical fixation (Table 1 ). The median age was 13 years (range 1.5-19 years). The median clinical follow-up was 14.5 months, and the median CT imaging follow-up was 7.5 months. Indications for surgery consisted of congenital conditions (50%), trauma (33%), and posttumor resection instability (17%). Bilateral craniectomy was typically performed to maximize autograft material ( Fig. 2A and  B) . All patients were clinically or radiographically stable at follow-up, and no patient exhibited any symptoms of nonunion. Halo fixation was implemented in 4 patients because of concerns about severe instability or fusion failure (Table 1) , namely the following: occipitoatlantal dislocation; young age (1.5 years); rheumatoid arthritis; and neurofibromatosis Type 2 with postlaminectomy kyphosis. No patient required rigid orthosis longer than 6 weeks following surgery. All patients treated with a halo brace demonstrated fusion, and in 7 (88%) of the other 8 patients, fusion was attained with a collar only.
For optimal assessment of fusion, all patients underwent CT scanning, the timing of which occurred at the discretion of the senior author (P.B.S.). Of the 4 earlier patients who underwent CT scanning at 3 months, only 1 demonstrated a fully incorporated fusion. Subsequent imaging in 2 of the 3 patients in whom fusion was not seen at 3 months demonstrated fusion at 8 and 9 months. Thus, the postoperative fusion imaging protocol was modified to a minimum of 4 months when feasible. Both solid graft incorporation (Fig. 2C ) and regrowth of cranial defects ( Fig. 3) were seen at this time point. The C1-2 level was the most common one fused (7 [58%] ). Three patients (25%) underwent occipitocervical fixation with preservation of the midline keel for occipital plating (Fig. 4) . Two patients (17%) underwent subaxial cervical fusion. There were no surgical complications in this series, including wound infection, new neurological deficit, dural laceration, vascular injury, or hardware failure. One patient developed an erosion of the occipital bone from a C-1 screw due to cranial settling; however, this occurred in an area remote from the craniectomy site and did not require revision. The average estimated blood loss during surgery was 225 ± 150 ml. One patient required a blood transfusion; however, this was not due to bleeding at the graft harvest site. Length of hospital stay was typically 3-4 days for elective procedures.
Discussion
We describe a method of using small full-thickness calvarial bone grafts for posterior cervical fusion in pediatric patients. A review of the neurosurgical literature revealed a limited number of prior reports on the use of calvarial bone grafts in children (Table 2) . A total of 24 pediatric cases have been reported previously, with no cases of nonunion or gross failure, although wire breakages have been noted. 5 Chadduck and Boop 5 first reported on 16 cases in a pediatric population in which they used full-thickness parasagittal grafts of the occipital and/or parietal bones in combination with wire fixation. Eight patients had a single-level fusion, whereas the rest had up to 4 levels of posterior fixation. The authors used longer parasagittally oriented grafts, which, when inverted, match the occipitocervical curvature. They advocated avoiding the lambdoid sutures even in adolescent patients. The technique required use of the craniotome across the transverse sinuses. Casey et al. 4 also described a technique in which longer occipital bone grafts with * ACF = anterior cervical fusion; FU = follow-up; LM = lateral mass; NA = not available; NF2 = neurofibromatosis Type 2; Oc = occiput; RA = rheumatoid arthritis; TL = translaminar. sublaminar wire fixation were used in a series of 7 pediatric patients, in which separate transverse incisions were made at the vertex of the skull. Calvarial defects were then repaired with split-thickness bone grafts from the parietal bones. In the adult population, consisting primarily of patients with rheumatoid arthritis, Robertson and Menezes 19 reported the largest series to date, in which successful fusion was achieved in 22 of 25 patients (3 had insufficient follow-up). Split-thickness occipital bone grafts were harvested from the occipital bone above the superior nuchal line. In another series of adult patients, Sheehan and Jane 24 reported a low central occipital fullthickness graft technique for a variety of conditions; fusion was achieved in 17 of 21 patients.
The use of both split-and full-thickness skull bone grafts has a successful record in facial reconstructive surgery. 7, 14 Even the use of particulate or finely morcellized skull bone grafts in the youngest patients typically results in high rates of fusion across large defects. 10 We have taken advantage of this osteogenic potency, along with modern rigid fixation and osteoinductive graft extenders, in posterior cervical and occipitocervical fixation. The approach incorporates a combination of elements from previously described techniques in both the pediatric and adult literature, and is the first reported series of calvarial autograft with screw/rod constructs ( Table 2) . Previous pediatric reports have described using long paramedian full-thickness grafts, whereas reports in adult patients mainly have described using shorter central split-thickness grafts. However, the use of split-thickness grafts is a time-consuming and difficult task that may not be possible in thin pediatric calvaria, which may have little or no diploic space.
Our technique uses smaller craniectomies in the wellprotected suboccipital region. Conceivably, mesh plating could be used to protect the defects, although this has not been necessary in our patients so far. We initially used demineralized bone matrix strips to repair the defects, but more recently we have been using small amounts of residual autograft material. Only 2 previous studies from a single institution have reported the use of full-thickness grafts without using a defect repair substrate. 20, 24 The authors in those studies harvested low central occipital autograft, but did not specifically comment on bone regrowth in these patients. This particular approach was limited to the C1-2 level. Unlike this approach, we have used full-thickness occipital bone grafts in combination with occipitocervical fusion. Our technique allows for possible occipital plating because the midline is spared.
Historically, solid bone fusion following pediatric posterior cervical surgery with calvarial autograft has been commonly achieved with the application of a halo vest orthosis (65% of all reported pediatric cases; see Table 2 ). In contrast, only 33% of our patients were treated with a halo device. In a series of adult patients with rheumatoid arthritis who could not routinely tolerate the halo vest, Robertson and Menezes 19 limited its application to 28% of their patients. They noted that patients who were not treated with a halo device might be at an increased risk of graft resorption. Sheehan and Jane 24 reported a slightly lower fusion rate of 81% in a similar sized series (with only one-third of them rheumatoid cases) without routine use of the halo vest. However, it is likely that these lower fusion rates are less attributable to halo application and more affected by adult patient population and nonrigid wiring techniques. Indeed, recent pediatric series in which modern screw-rod fixation was used have reported high fusion rates with only limited halo use. 12 Notably, we have not seen graft resorption or nonunion in any patient in our series, regardless of halo application.
The evaluation of fusion historically has been limited by plain 2D radiographs and often short-term follow-up. Although 84 (95%) of 88 reported cases documented either stability or radiographic fusion, limited follow-up in some studies precluded definitive conclusions about fusion or symptomatic nonunion, especially when concerning delayed graft resorption. Despite the relatively short-term follow-up in our series, the use of CT scanning in our patients is perhaps stronger evidence of fusion than in some previous studies, in that better osseous integration of autograft can be determined with the CT modality. Scatter artifact has not been a problem in making this determination. In contrast to Robertson and Menezes' report 19 of general integration of bone graft within 3 months, our initial experiences with CT evaluation suggested that 4-6 months may be required for fusion in some cases. This phenomenon was discovered in 4 of our patients who required an assessment of their fusion prior to undergoing additional procedures, thus necessitating earlier CT scans at 3 months. Follow-up scans were obtained in selected patients to ensure that fusion eventually occurred. In fact, the only patient without documented fusion in this series has that status as a result of this initial early 3-month scanning protocol, and she has not undergone repeat imaging due to the clinical stability of the repair. It is unclear if the natural history of fusion occurred differently in our patient population due to a shorter duration of external orthosis (1.5 months) or whether the actual presence of bridging bone on CT studies is simply more telling than plain radiographs. Sheehan and Jane 24 found with serial imaging in an adult population that half of the patients who achieved a fusion did so by 6 weeks, whereas in the other half fusion occurred by 12 weeks. Thus, a reasonable imaging strategy would be to obtain routine flexion-extension plain radiographs at 6 weeks, to repeat them at 12 weeks in questionable cases, and finally to perform CT scanning in select cases no sooner than 6 months.
In general, the most obvious advantage of harvesting occipital autograft in posterior cervical fusion is the use of a cosmetically acceptable single incision. Other advantages, compared with previous descriptions, include a smaller bone defect, protection by the cervical musculature, avoidance of sutures and/or sinuses, and ability to use occipital plating. Although our series is small, and it may be difficult to distinguish pain at the bone graft site from incisional pain, we believe that there is probably a lower incidence of donor site complications from occipital bone and that it is generally a well-tolerated harvest site. Reossification of the skull may contribute to this phenomenon, and in fact some authors have described a role for reconstituting the iliac crest with autologous rib following large iliac crest graft harvests. 2 The most common complication of iliac crest graft harvesting is donor site pain. Most of these data have come from the adult literature. 16, [21] [22] [23] In the limited literature reporting donor site morbidity in pediatric patients, this complication has ranged from 10% to 24%. 15, 25 As an alternative measure, autologous rib has also been reported as a donor site, 6, 22 which may reduce the incidence of pain. Nonetheless, that technique requires an additional incision and familiarity with thoracic anatomy. It may be complicated by other risks such as pneumothorax and pneumonia.
One limitation of this study is the relative lack of patients with syndromic craniovertebral junction instability undergoing fusion (only 1 patient had Down syndrome). It has been reported that the fusion rate (80%-95%) in this population is lower than in other patients undergoing posterior cervical fixation. 8, 26 Future studies will be necessary to determine if the syndromic population is still at risk for nonunion with the currently described fusion technique or with modern rigid instrumentation in general.
Conclusions
We describe a novel technique in which paramedian low occipital bone autografts are used in pediatric posterior cervical and occipitocervical fusion surgery. We propose that the superiority of segmental screw fixation in the pediatric spine now allows for smaller calvarial autografts than has previously been reported. Additional follow-up and larger series are needed to confirm the efficacy of this technique, specifically with respect to donor site pain. Nonetheless, the osteogenic potential of the skull makes it a powerful and convenient substrate for achieving posterior cervical fusion, and it should not be overlooked.
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